Microtubules are cytoskeleton filaments consisting of αβ-tubulin heterodimers. They switch between phases of growth and shrinkage. The underlying mechanism of this property, called dynamic instability, is not fully understood. Here, we identified a designed ankyrin repeat protein (DARPin) that interferes with microtubule assembly in a unique manner. The X-ray structure of its complex with GTP-tubulin shows that it binds to the β-tubulin surface exposed at microtubule (+) ends. The details of the structure provide insight into the role of GTP in microtubule polymerization and the conformational state of tubulin at the very microtubule end. They show in particular that GTP facilitates the tubulin structural switch that accompanies microtubule assembly but does not trigger it in unpolymerized tubulin. Total internal reflection fluorescence microscopy revealed that the DARPin specifically blocks growth at the microtubule (+) end by a selective end-capping mechanism, ultimately favoring microtubule disassembly from that end. DARPins promise to become designable tools for the dissection of microtubule dynamic properties selective for either of their two different ends.
Microtubules are cytoskeleton filaments consisting of αβ-tubulin heterodimers. They switch between phases of growth and shrinkage. The underlying mechanism of this property, called dynamic instability, is not fully understood. Here, we identified a designed ankyrin repeat protein (DARPin) that interferes with microtubule assembly in a unique manner. The X-ray structure of its complex with GTP-tubulin shows that it binds to the β-tubulin surface exposed at microtubule (+) ends. The details of the structure provide insight into the role of GTP in microtubule polymerization and the conformational state of tubulin at the very microtubule end. They show in particular that GTP facilitates the tubulin structural switch that accompanies microtubule assembly but does not trigger it in unpolymerized tubulin. Total internal reflection fluorescence microscopy revealed that the DARPin specifically blocks growth at the microtubule (+) end by a selective end-capping mechanism, ultimately favoring microtubule disassembly from that end. DARPins promise to become designable tools for the dissection of microtubule dynamic properties selective for either of their two different ends.
M
icrotubules are dynamic protein assemblies essential for cell morphogenesis, membrane trafficking, and cell division of eukaryotic cells. In vivo, typically 13 straight, parallel, protofilaments interact laterally to form a microtubule. Each protofilament is a longitudinal head-to-tail assembly of αβ-tubulin heterodimers (tubulins), resulting in structurally polar microtubules, with β-tubulin facing the (+) end and α-tubulin being exposed at the (−) end. In vitro experiments with purified tubulin have demonstrated that microtubules switch stochastically between prolonged periods of assembly and disassembly, a phenomenon called dynamic instability (1) . Both (+) and (−) ends display this behavior, but show small quantitative differences. In vivo, microtubule dynamics are regulated by different classes of proteins at the different ends. (−) ends are usually capped and do not grow nor shrink (2, 3) whereas (+) ends are dynamic. Their length excursions are affected by polymerases (4) and depolymerases. In addition, a few proteins, such as the kinesin-4 XKLP1 (5) and the kinesin-8 Kif18a (6), have been suggested to pause growth. Their mechanism is unclear and little is known about microtubule pause induction in general. This paucity is in remarkable contrast to the actin cytoskeleton where the importance of filament capping by a variety of proteins is well established (7, 8) .
The complex structural events underlying microtubule dynamic instability are difficult to measure at high resolution. Therefore, open questions remain about this fundamental property. One remaining question concerns the mechanism by which GTP promotes microtubule growth. In recent years, the view has emerged that GTP in the exchangeable nucleotide-binding site of tubulin facilitates straightening during incorporation into the microtubule lattice but does not change the curvature of tubulin in solution (9) (10) (11) . However, only two tubulin high-resolution structures are known. One is straight, in protofilaments of zinc-induced tubulin sheets stabilized by taxol (12) ; these are very similar to protofilaments in microtubules (13) . The other one is curved, in a complex (T 2 R) of two tubulin heterodimers with the stathminlike domain (SLD) of the tubulin-sequestering protein RB3 (14) (RB3-SLD). A high-resolution structure of GTP-tubulin alone is not available. As a consequence, the atomic details of the changes occurring during GTP-tubulin incorporation into the microtubule lattice had to be deduced from the available structures, assuming that the same motions occur in the absence of an SLD. Therefore, additional high-resolution data are needed to provide independent evidence for the structure of soluble GTP-tubulin; ideally these data should be obtained with tubulin alone or in complex with a molecule contacting it at a different surface. A molecule targeting a surface specifically exposed at microtubule ends would be particularly interesting as it might be used as a probe of the structure of tubulin at the very tip of microtubules.
A second open question concerns the mechanisms by which regulatory proteins affect microtubule dynamic instability. Recently, good progress has been made on the action of polymerases and ATP-dependent depolymerases (4, 15, 16) . However, little is known about the structural aspects underlying the effects of specific end-binding proteins on microtubule dynamics. It is especially unclear how slowdown or even a complete stop of growth may be achieved. Observing the effect on microtubule assembly of a protein that binds in a well-defined manner to a surface exposed at microtubule (+) ends could provide information on possible mechanisms for the control of microtubule dynamics through a specific interaction at that end.
In the course of a screen of designed ankyrin repeat proteins (DARPins) for tubulin binding, biased to bind remote from the longitudinal interface of α-tubulin (a longitudinal interface is the interface between a tubulin subunit and the neighboring heterodimer in a protofilament), we have identified a series of proteins that inhibit microtubule assembly. One of them (D1) structurally caps the microtubule (+) end. Here, we describe the structure of its complex with tubulin at 2.2 Å resolution and its effect on microtubule assembly. The structure reveals that D1 binds to the longitudinal interface of β-tubulin, very different from tubulinsequestering proteins belonging to the stathmin-like protein family. The structure demonstrates furthermore that GTP-tubulin is curved in this complex. An engineered tandem construct of the DARPin specifically stops growth at the (+) end at a few hundreds of nanomolar concentrations and, as a consequence, causes microtubule disassembly independent of ATP hydrolysis. This wellcharacterized capping molecule promises to be an interesting tool for the manipulation of microtubule dynamics in a unique way to understand better the regulation of their (+) end.
Results

D1 DARPin Inhibits Microtubule
Assembly. A DARPin library (17) was screened through ribosome display (18, 19) for tubulin binders. Proteins in this library consist of five ankyrin repeats: three randomized variable repeats and two stabilizing ones at their N-and C-terminal ends. Tubulin was immobilized with its α-subunit longitudinal interface facing the surface of the wells of microtiter plates (Methods). As a result, the screen was biased for binding of DARPins to the exposed tubulin β-subunit. After four rounds of ribosome display, the cDNAs of selected DARPins were subcloned for single-clone ELISA screening on crude cell extracts (20) . One of the clones that generated the strongest signal yielded a protein, named here D1, which we expressed and purified.
D1 formed a stable 1:1 complex with soluble tubulin as shown by size exclusion chromatography coupled to multi-angle light-scattering analysis (SEC-MALLS) (Fig. S1) . By monitoring the time course of the turbidity of a tubulin solution in the presence of different D1 concentrations, we found that D1 inhibited microtubule assembly in a dose-dependent manner (Fig. 1A) . This effect is specific as an unrelated DARPin (off7) from the same library as D1, but not selected for tubulin binding (17) , had no effect when added at a concentration at which D1 completely blocks microtubule assembly (Fig. 1A) . We also monitored the microtubules assembled by measuring the steady-state turbidity of microtubule suspensions at different tubulin concentrations in the absence and presence of D1 or of off7 (Fig. 1B) . In contrast to off7, D1 had two effects on the variation of turbidity as a function of tubulin concentration. First, it increased the apparent critical concentration (Cc) of tubulin, i.e., the concentration of tubulin that is not assembled in microtubules. The apparent Cc shifted from 1.2 ± 0.5 μM to 5.2 ± 0.5 μM in the presence of 8 μM D1 and to 15.2 ± 0.8 μM when 20 μM D1 was added, confirming the dose dependence of the effect of D1 on microtubule assembly. Surprisingly, D1 also decreased the slope of the plot significantly. Because turbidity is a function of the amount of microtubular tubulin but also of the distribution of microtubule sizes (21) , this result suggests that, in addition to modifying the mass of microtubules assembled, D1 modified their size distribution, possibly by transiently associating with tubulin to growing microtubules.
D1 Binds to Curved GTP-Tubulin at Its β-Subunit Longitudinal
Interface. To get further insight into the molecular mechanism by which D1 interferes with microtubule assembly, we determined the structure of the tubulin-D1 complex (Tub-D1) by X-ray crystallography. Tubulin was cleaved by subtilisin (22) , which removes C-terminal peptides of both subunits, which are not seen in any of the structures that have been determined (12, 14) , and does not change the rest of the tubulin structure in any other respect (10) . Removal of these heterogeneous C-terminal peptides has allowed us to obtain crystals that diffracted to 2.2 Å resolution. The structure was solved by molecular replacement and refined to a final R factor of 0.16 (Table S1 ). Interestingly, D1 contacts only the β-tubulin longitudinal interface ( Fig. 2A) , in a way that is very different from RB3-SLD in the only other known structure of a soluble tubulin complex (T 2 R) (10, 14) . In T 2 R, the RB3-SLD structure consists of an N-terminal two-stranded β-sheet, a linker with no regular secondary structure, and a 100-aa long C-terminal α-helix that runs along the two tubulin molecules. The difference between the binding modes of D1 and RB3-SLD is best visualized by superimposing tubulin in Tub-D1 to the heterodimer bound to the C-terminal moiety of the RB3-SLD α-helix in T 2 R (Fig. 2B) . The superposition shows that the two tubulin structures are very similar, with 0.65 Å root mean-squared deviation (862 Cαs superimposed). The angle of the rotation that is required to superimpose α-and β-tubulin is identical in Tub-D1 and T 2 R The structure of the tubulin-D1 complex. (A) Overall organization. D1 binds to the β-tubulin longitudinal interface. The red surface corresponds to D1 interfacing residues. (B) Superposition of Tub-D1 with T 2 R (pdb 3RYI). D1 is in red here as well as in C. Tubulin in Tub-D1 (α is in dark blue and β is in green) is superimposed to the α 2 β 2 GDP-bound heterodimer in T 2 R (α 2 is in cyan, as is α 1 , and β 2 is in pink, as is β 1 ); the RB3-SLD is in orange. (C) Residues of the tubulin-D1 interface belong to all five D1 ankyrin repeats and to β-tubulin helices H6, H11, and loop T5 (residues 206-215, 385-397, and 171-181, respectively; for a nomenclature of tubulin secondary structure elements see ref. 45) . Residues shown are those that are randomized in the library from which D1 was selected and tubulin residues within 5 Å of them (for a stereoview see Fig. S2 ).
and equal to 12°. This result supports the view that the tubulin curvature seen both in T 2 R and in Tub-D1 is intrinsic to unpolymerized tubulin.
Residues on the tubulin side of the interface belong to three β-tubulin structural elements, helices H11 and H6 and loop T5 (Figs. 2C and 3A) . Residues of the interface with D1 in all these structural elements are also involved in longitudinal interdimer interactions between tubulins that are embedded in microtubules (Table S2 ) (13) . The structure therefore predicts that D1 interferes with tubulin longitudinal interactions. This interference provides a mechanistic explanation for the observed microtubule growth inhibition by D1 (Fig. 1) . Our Tub-D1 crystals contained GTP bound to β-tubulin (GTP-tubulin) (Fig. S3) . The β-tubulin nucleotide state (GDP or GTP) is functionally important, because only GTP-tubulin assembles into microtubules. The comparison of the affinities of D1 for GDP-and GTP-tubulin can provide information on the tubulin structural variations induced by nucleotide exchange, in particular because D1 binds close to the β-tubulin nucleotide-binding site (Fig. 3A) . To measure these affinities, we used an assay based on the change of the fluorescence anisotropy of an Oregon 488-labeled D1 upon tubulin binding. Using a 1:1 association model and fitting the variation of the anisotropy with a quadratic equation (Methods) yields the value of the dissociation equilibrium constant from GDP-tubulin (K D = 120 ± 10 nM), which was found to be very similar to that of GTP-tubulin (K D = 155 ± 10 nM) (Fig. 3B ). The very similar affinities of D1 for GDP-and GTP-tubulin suggest that the corresponding structures of soluble tubulin are very similar, supporting conclusions drawn from the comparison of these structures, as determined in the context of T 2 R (10).
A D1 Tandem Repeat Caps Microtubule (+) Ends and Leads to
Disassembly. Because the affinity of D1 for tubulin is only moderate, one would expect a clearer effect on microtubule assembly with a tighter-binding protein. To generate a tighter-binding DARPin construct, contacting a similar tubulin surface, we made a tandem-repeat DARPin that might cooperatively bind two tubulin heterodimers at the end of two neighboring protofilaments. This binding seemed possible because when tubulin in Tub-D1 is superimposed on the (+) end tubulins of an atomic model of the microtubule (23), the resulting copies of D1 do not interfere with each other (Fig. S4 ). Because the distance from the C-terminal end of one copy to the N-terminal end of the D1 copy on a neighboring protofilament is 32 Å, we constructed a tandem repeat of D1 separated by three repeats of the G 4 S motif (24) , a sequence expected to be long enough to allow simultaneous binding of two D1 copies to two laterally interacting tubulins. This construct, termed (D1) 2 , has indeed a stronger effect on microtubule assembly than D1, as shown by a larger shift of the tubulin Cc (Fig. 1B) .
The Tub-D1 structure predicts that the effects of D1 [or (D1) 2 ] at the two ends of a microtubule are different. D1-bound tubulin is not expected to incorporate at the (−) end of a microtubule, because its β-tubulin longitudinal interface is blocked. Therefore, in the presence of D1 as for a typical sequestering protein, the growth rate at the (−) end should solely be a function of the concentration of tubulin not complexed to D1. By contrast, at the (+) end, the Tub-D1 complex is still expected to be added, provided the microtubule end is free, because its α-tubulin longitudinal interface is unchanged compared with tubulin. Further addition of tubulins to the protofilament should be prevented as long as a D1 molecule is bound to the (+) end. To be able to distinguish the effects DARPins have on the two different microtubule ends, we observed microtubule dynamics at the single-microtubule level, using total internal reflection fluorescence (TIRF) microscopy. Dynamic microtubules were grown from stabilized microtubule seeds that were immobilized on chemically functionalized surfaces (25) . Kymographs (time-space plots), generated from time-lapse movies in the presence of 20 μM Alexa568-tubulin, demonstrate that in comparison with microtubules growing in the absence of DARPin (Fig. 4A , Left), 0.25 μM D1 decreased the growth rate selectively at one microtubule end (Fig. 4A , Middle). The effect of the same concentration of (D1) 2 was more dramatic as growth at one end was blocked completely (Fig. 4A, Right) .
To identify the blocked end unambiguously, we used a gliding assay in which dynamic microtubules were transported by surfaceimmobilized molecular motors. Growing (+) and (−) ends were labeled with Mal3-GFP (26) . Whereas transported microtubules growing from Alexa568-labeled GMPCPP-tubulin seeds in the presence of Mal3-GFP had both ends strongly labeled (Fig. 4B , Upper), in the additional presence of 0.5 μM (D1) 2 , only one end was labeled. On surfaces coated with (−) end-directed Xenopus kinesin-14 (XCTK2) (27) , this growing end was the lagging end, i.e., the (−) end (Fig. 4B , Lower). This effect was robustly observed at concentrations of 250 nM (D1) 2 and higher ( Fig. 4C ) and demonstrates that (D1) 2 blocked microtubule growth selectively at the (+) end. The growth of microtubule (−) ends decreased measurably only at considerably higher concentrations of (D1) 2 (1 μM and higher). (−) end growth decreased linearly with the (D1) 2 concentration and stopped at a ratio slightly smaller than one (D1) 2 per two tubulin dimers as indicated by a linear fit (Fig. 4C,  Inset) . This result suggests that (D1) 2 slows (−) end growth by sequestering free tubulin and that growth at the (−) end stops when the concentration of unbound tubulin is equal to the Cc at that end. D1 also shows a clear dose-dependent inhibitory effect on microtubule growth but it is clearly weaker than that of (D1) 2 , as expected (Fig. S5) .
To test the effect of (D1) 2 on the (+) end of a dynamic microtubule, we prepolymerized microtubules in the presence of Cy5-labeled tubulin and GTP from Alexa568-labeled GMPCPP seeds and then replaced labeled by unlabeled tubulin, adding at the same time 0.5 μM (D1) 2 . The entire length of microtubules was visualized by the addition of a microtubule-binding protein (GFP-CLIP MTB , a GFP-labeled CLIP-170 fragment, previously also called H2) (28) . Time-lapse imaging was started ∼30 s after the solution exchange. The stability of (D1) 2 -capped microtubule (+) ends was assayed in two different ways. First, kymographs of GFP-CLIP MTB -labeled microtubules showed that (D1) 2 -capped prepolymerized microtubule (+) ends remained stable only for a few tens of seconds before they depolymerized back to the microtubule seed (Fig. 4D, Lower) . The (+) end of the seed was unable to regrow (Fig. 4D, Lower) , as expected at this concentration of (D1) 2 (Fig. 4C) . Because DARPin-induced depolymerization affected only the part of the microtubule not stabilized by GMPCPP, (D1) 2 differs from ATP-dependent depolymerases that also disassemble stabilized microtubules (16, 29, 30) . Minus ends displayed normal dynamic instability behavior as is the case of both microtubule (+) and (−) ends in the absence of (D1) 2 (Fig. 4D, Upper) . Second, to analyze the stability of capped microtubule (+) ends at a population level, we quantified the number of prepolymerized (+) sections at different time points after solution exchange. In the presence of (D1) 2 the number of these sections decreased rapidly, leading to an ∼10-fold reduction after 2 min in comparison with the control without (D1) 2 (Fig. S6) . Taken together, these experiments demonstrate that inhibition of microtubule (+) end growth by (D1) 2 has a destabilizing effect on microtubules.
To test whether the destabilizing effect of (D1) 2 can also be observed in the presence of other microtubule-binding proteins, we performed experiments in Xenopus egg extract, an established system for the study of in vivo-like microtubule dynamics (31) . Addition of (D1) 2 to microtubule asters led to a dramatic reduction of the microtubule density in these asters (Fig. 5) . Therefore, this microtubule (+) end capping DARPin can interact with microtubule ends also in the presence of natural levels of other microtubule-binding proteins and inhibit their growth, which finally leads to depolymerization.
Discussion
In this study, we produced a molecule known to selectively bind to the longitudinal interface of β-tubulin. This unique experimental tool has allowed us to address open questions regarding the mechanism of microtubule polymerization and dynamic instability. Four main conclusions can be drawn from this work.
The first one relates to the reason for only GTP-tubulin, as opposed to GDP-tubulin, assembling into microtubules. This property has long been thought to be due to a difference of their overall shapes, GDP-tubulin being curved whereas GTP-tubulin would be straighter and prestructured for lateral interactions (32) . More recently, GTP-tubulin and GDP-tubulin in T 2 R have been found to be similarly curved (10) but a possibility remained that the curvature was influenced by RB3-SLD. Here we find that the curvatures of GTP-tubulin bound to D1 and of GDP-tubulin bound to RB3-SLD are virtually identical. The D1-binding site does not overlap with that of RB3-SLD, is exclusively located on β-tubulin, and is distant by more than 40 Å from the α-β interface where the main differences between curved and straight tubulin are located. Taken together with the similar affinities of D1 for GDP-and GTP-tubulin and with a range of other biochemical evidence (11, 33) , our structural data further support the notion that GTP-tubulin in solution is curved similarly to GDP-tubulin and straightens only as it incorporates in microtubules. This result strongly suggests that GTP facilitates the tubulin structural switch that accompanies microtubule assembly but does not trigger it (9-11) and narrows the stage at which the tubulin structural switch occurs down to the initial steps of assembly.
The second conclusion concerns the structure of tubulin at microtubule plus tips, an issue that is not easily addressed at the current resolution of electron microscopy data on microtubules. The interface of β-tubulin with D1 comprises the H6 helix. This helix rotates upon going from curved tubulin to straight protofilaments (14) and is immediately upstream of the long helix that undergoes a piston movement at the tubulin structural switch. The observation that D1 [and (D1) 2 ] adds to the microtubule (+) end (tubulin-bound or on its own) taken together with the very similar structures of β-tubulin when the heterodimer is bound to D1 (this work) or to RB3-SLD (10) means that the longitudinal interface of β-tubulin at the end of a microtubule is very similar to that of β-tubulin in solution. This similarity also suggests that, at the end of a microtubule, the tubulin structural switch has not taken place yet but occurs later on during early stages of microtubule assembly, most likely as lateral interactions between neighboring protofilaments get established.
The third conclusion concerns the effects of (D1) 2 on microtubule dynamics. (D1) 2 inhibits growth at both microtubule ends by strikingly different mechanisms that are readily explained on the basis of the Tub-D1 structure (Fig. 6 ). As it binds to the β-tubulin longitudinal interface, (D1) 2 prevents association at the (−) end of the tubulins it is bound to in solution, by a sequestering effect in which each D1 moiety prevents the assembly of one heterodimer. This effect is similar to that previously described for stathmin. However, different from stathmin, (D1) 2 acts as a sequestering protein only at the (−) end. By contrast, at the (+) end (D1) 2 acts as a capping protein. There it does not prevent the association of the tubulin it is bound to, because it does not block its α-subunit longitudinal interface. Instead, it blocks the association of many other incoming tubulins (either in complex with DARPins or not), as long as the (D1) 2 caps the protofilament (+) end. This result explains why (D1) 2 interferes with microtubule growth more drastically at (+) than at (−) ends. It is interesting that, in the presence of 20 μM tubulin, at concentrations as low as 250 nM (D1) 2 , i.e., at only a 1:80 (D1) 2 :tubulin ratio, growth is completely blocked at the (+) end. There could be two reasons for that: it prevents association to the protofilaments it is bound to, by capping the β-tubulin longitudinal interface, as described above; and it may also cause the instability of the other protofilaments, because some lateral interactions, those with protofilaments that are capped and do not grow, cannot be established.
Finally, the capping of microtubules by (D1) 2 differs from capping of actin filaments in which barbed ends are efficiently stabilized. Some of the actin barbed-end capping proteins, such as the one named the "capping protein" (34) , are heterodimers with a large interface in which the two monomers are rigidly held together and simultaneously and tightly bind to the two actin molecules at the tip of a filament. Uncapping requires either that they dissociate from the filament tip or the simultaneous dissociation of the two actin molecules at the very end of the filament; both are very rare events. By contrast, the relatively long and flexible linker between its two moieties does not allow (D1) 2 to make full use of the cooperative binding of two neighboring tubulin molecules to the microtubule tip, likely resulting in the lack of a stabilizing effect of (D1) 2 at the microtubule (+) end. Alternatively, the specificities of the two polymers (35) may explain the different behaviors of (D1) 2 and actin-capping proteins. The properties of (D1) 2 also differ from those of recently characterized proteins that modify the dynamics of (+) ends, although (D1) 2 shares characteristics with some of them. (D1) 2 , the same as yeast Kip3 (16, 29) , depolymerizes microtubules exclusively from their (+) end but, different from this kinesin, it is not active on stabilized microtubules. The same as Kif18a (6, 36) and Xklp1 (37), two kinesins that induce pauses, it prevents microtubule growth at the (+) end; different from them, it does not prevent disassembly of dynamic microtubules from that end but, instead, favors it. This is an indirect effect of (D1) 2 . Its direct effect is to slow growth as it caps protofilaments. The consequence of slowed growth of a dynamic microtubule is that catastrophes become more frequent (38) . This consequence ultimately favors disassembly of dynamic microtubules by (D1) 2 .
DARPins offer possibilities to investigate microtubule assembly in addition to those we described here. It should be possible to mature the affinity of DARPins (39) for tubulin (several orders of magnitude of the K D may readily be gained). Using higher-affinity derivatives of the DARPins we have in hand to hold tubulin for ribosome display selection, it should be possible to identify new DARPins that bind to other tubulin surfaces, such as the α-tubulin longitudinal interface. Such DARPins would be useful tools to dissect the regulation of microtubule dynamics, both mechanistically and structurally, by probing the effect on microtubule assembly of interactions with various tubulin interfaces.
Methods
Ribosome Display Selection and Binder Identification. The N3C DARPin library (40) was used to select tubulin binders, using four rounds of ribosome display (18, 19) . In these experiments, the target (tubulin) was covalently coupled via a disulphide bond to a biotinylated stathmin-derived peptide (41) and immobilized via neutravidin or streptavidin coated on microtiter plates. Details of the selection are described in SI Methods. Selected DARPins were cloned into pDST67 (18, 20) . Clones producing tubulin binders were identified by ELISA on crude cell extracts (20) . Details are described in SI Methods.
Protein Purification, Labeling, and Crystallization. Protein purification, labeling, and complex preparation for crystallization are described in SI Methods. (10) and a N3C DARPin (PDB ID 2XEE) (43) with randomized positions mutated to alanine. The structure was refined in Phenix, alternating twin refinement with manual model building in Coot (44) . Final refinement statistics are reported in Table S1 . Some regions had no visible electron density: residues 38-46 and 280-284 in α-tubulin and residues 55-61 in β-tubulin as well as residues 1-12 in D1. Coordinates have been deposited Fluorescence Anisotropy. Dissociation constant determination was performed by titrating D1-D160C-Oregon Green 488 with increasing amounts of tubulin and monitoring steady-state fluorescence anisotropy as described in SI Methods.
TIRF Microscopy. Microtubule growth velocity was measured as described (26) and detailed in SI Methods. Microtubule gliding assay. Dynamic microtubules polymerizing from Alexa568-labeled GMPCPP-stabilized microtubule seeds in the presence of 20 μM unlabeled tubulin and 70 nM Mal3-GFP in gliding buffer were observed as they were transported by surface-immobilized (−) end-directed XCTK2 motors either in the absence or in the presence of 500 nM unlabeled (D1) 2 (SI Methods). Depolymerization protection assay. Microtubules were grown from surfaceimmobilized Alexa568-labeled GMPCPP-stabilized microtubule seeds in the presence of 15 μM Cy5 (Lumiprobe)-labeled tubulin. After 90 s the solution was exchanged and growth continued in 15 μM unlabeled tubulin and 65 nM of GFP-labeled CLIP MTB either in the absence or in the presence of 0.5 μM (D1) 2 in standard TIRF buffer (SI Methods). As a measure of microtubule plusend stability, we quantified how many Cy5-labeled microtubule plus segments [extending from the (+) end of the GMPCPP seed] were still present 2 min after introducing the (D1) 2 
Microtubule Growth Inhibition in Xenopus Egg Extract. Microtubules pregrown from sperm nuclei in Xenopus egg extract were supplemented with either Alexa488-(D1) 2 or GFP as a negative control and imaged by TIRF microscopy. For details see SI Methods. 
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SI Methods
Ribosome Display Selection and Binder Identification. All selection steps were carried out at 4°C. Decreasing concentrations of tubulin (250, 100, 20, and 10 nM) were used in successive rounds of selection. After in vitro translation, the designed ankyrin repeat protein (DARPin) library was incubated with the target for 30 min and washed six times with 20 mM Pipes, pH 6.8, 150 mM KCl, 50 mM Mg-Acetate, 0.05% Tween-20, and 0.1 mM GTP (buffer WBT). Total wash times were increased from 7 to 40 to 60 min in successive rounds. From the second round onward, the translation mix containing the ternary mRNA-ribosomeDARPin complexes was first prepanned for 15 min in a well without the biotinylated target. In the third round, an additional "off-rate" selection step (1) was performed by washing for 30 min with 2 μM tubulin in 100 μL WBT. RNA from selected binders was eluted with 50 mM Tris acetate, pH 7.6 (4°C), 100 mM NaCl, and 25 mM EDTA (200 μL) and reverse transcribed to cDNA. Following this, the cDNA was amplified by 40, 30, 28, and finally 25 PCR cycles in the successive rounds.
To screen single clones, MaxiSorp plates (Nunc) were coated with neutravidin in TBS [50 mM Tris pH 7.4 (4°C), 150 mM NaCl] and then blocked with 0.2% BSA in TBS supplemented with 0.05% Tween-20 (TBST) for 1 h at room temperature. They were incubated with biotinylated peptide-coupled tubulin (15 nM) in 100 μL PBST (20 mM Pipes, pH 6.8, 1 mM Mgacetate, 150 mM KCl, 0.05% Tween) for 30 min at 4°C. After washing, 5 μL of cell lysate was mixed with 95 μL of PBST supplemented with 0.2% BSA and added to the target-containing wells or to a control without immobilized tubulin. After a 1-h incubation at 4°C, wells were washed with PBST and a 1:5,000 dilution of an anti-RGS(H) 4 antibody (Qiagen) was added and incubated for 1 h at 4°C. After a washing step, a 1:10,000 dilution of a goat anti-mouse IgG-AP-conjugate antibody (Pierce) was added (1 h, 4°C). Binding was detected by monitoring the absorbance at 405 nm due to the hydrolysis of disodium 4-nitrophenyl phosphate (Fluka) catalyzed by alkaline phosphatase in 50 mM NaHCO 3 , 50 mM MgCl 2 . The amino acid sequences of the selected DARPins were obtained by DNA sequencing.
Protein Purification and Labeling. Sheep brain tubulin was purified by two polymerization/depolymerization cycles in a high-molarity buffer (2) and stored in liquid N 2 in 50 mM Mes-K, pH 6.8, 33% (vol/vol) glycerol, 0.25 mM MgCl 2 , 0.5 mM EGTA, and 0.1 mM GTP until use. Before use, an additional microtubule assembly/ disassembly cycle was performed to remove any nonfunctional protein. The disassembly step was carried out in 15 mM Mes-K, pH 6.8, 0.5 mM MgCl 2 , and 0.5 mM EGTA. Tubulin concentration was determined spectrophotometrically using an extinction coefficient at 278 nm of 1.2 mg −1 ·mL −1 ·cm −1 assuming the molecular mass of the heterodimer is 100 kDa (3).
The D1 DARPin was expressed in XL1-Blue cells grown in 2YT medium. When A 600 reached 0.7-0.8, protein expression was induced with 0.5 mM isopropyl β-D-1-thiogalactopyranoside for 4 h at 37°C. Cells were resuspended in 10 mL/g of wet cells of 50 mM Tris, pH 8 (4°C), 1 mM MgCl 2 , 10 mM imidazole, 0.3 mg/mL lysozyme, and protease inhibitor mix (complete EDTA free; Roche Applied Science). Cells were lysed by sonication and cell debris was removed by centrifugation at 20,000 × g for 20 min at 4°C. Purification was performed on a Äkta Purifier system using Histrap columns (GE Healthcare). Eluted protein was subjected to size exclusion chromatography on a Superdex 75 column equilibrated with 20 mM potassium phosphate, pH 7.2, 1 mM MgCl 2 , 0.5 mM EGTA, and 100 mM KCl (buffer A). D1 concentration was estimated by UV absorption, using an extinction coefficient of 6,990 M −1 ·cm −1 derived from the peptide sequence using the ProtParam webserver (http://web.expasy.org/protparam).
For labeling with a fluorescent probe, the D160C mutation was introduced using the QuikChange strategy and the following primers: 5′-CCATCGACAACGGTAACGAGTGCCTGGCT-GAAATCCTGC-3′ (forward) and 5′-GCAGGATTTCA GCC-AGGCACTCGTTACCGTTGTCGATGG-3′ (reverse). PCR was performed with Pfu polymerase (ThermoScientific).
Oregon Green 488 maleimide was purchased from Life Technologies. D1-D160C (0.1 mM) was reduced with 2 mM DTT for 30 min at room temperature. DTT was removed on a Bio-Gel P-6 (Micro Bio-Spin 6; Bio-Rad). Then a 7.5-fold molar excess of dye dissolved at 15 mM in DMSO was added dropwise. The reaction was performed in buffer A for 1 h at 25°C and then for 2 h at 4°C. Excess dye was inactivated by addition of 2 mM β-mercaptoethanol. Unreacted dye was removed using a Bio-Gel P-6 followed by two 2-h dialyses in 200 mL of buffer A at 4°C or by size-exclusion chromatography on a Superdex 200 10/300 GL (GE Healthcare). The degree of labeling was estimated according to standard procedures (Invitrogen) from the relative absorbance at 280 nm and at 494 nm, using an extinction coefficient of 68,000 M −1 ·cm −1 for Oregon Green (4). Protein concentration was confirmed by a BCA assay (Pierce), using RB3-SLD quantified by amino acid content analysis following complete acid hydrolysis as a standard. Data were corrected for the number of amide bonds in the reference and the test sample. Tubulin was labeled with Alexa568 (Invitrogen), Cy5 (Lumiprobe), or biotin (Pierce) as described in ref. 5.
(D1) 2 was generated by inserting the flexible linker (Gly 4 Ser) 3 between monomers. The gene encoding (D1) 2 was assembled in a derivative of the vector pQE30 with the additional gene lacI allowing the construction of tandem DARPins with Nterminal MRGS(H) 6 tag and spaced by a (GGGGS) 3 linker. (D1) 2 was expressed in Escherichia coli BL21 DE3 and the product was purified as described above. (D1) 2 concentration was estimated by UV absorption, using an extinction coefficient of 13,980 M −1 ·cm −1 derived from the peptide sequence using the ProtParam webserver.
GFP-CLIP MTB from Homo sapiens, kinesin 14 from Xenopus laevis (XCTK2), and Mal3-GFP from Schizosaccharomyces pombe were purified as described in refs. 6-8.
Fluorescence Anisotropy. Dissociation constant determination was performed in buffer A at 20°C by titrating 120 nM of D1-D160C-Oregon Green 488 with increasing amounts of freshly thawed tubulin. Steady-state fluorescence anisotropy was monitored on a Cary Eclipse spectrofluorimeter (Agilent Technologies), using a 496-nm excitation wavelength with a 2.5-nm bandwidth, a 523-nm emission wavelength with a 10-nm bandwidth, and a 1-s integration time. Each titration point was measured 20 times, averaged, and repeated once. Data were fitted to a 1:1 binding isotherm using the quadratic equation
with A 0 and B 0 corresponding to the initial concentrations of D1 and tubulin, respectively. r is the measured anisotropy, r 0 , and r max are the fluorescence anisotropies of D1 and of D1 bound to tubulin.
In Vitro Microtubule Assembly. Concentrations of tubulin ranging from 10 to 45 μM were mixed with 8 or 20 μM D1. Microtubule assembly was monitored turbidimetrically at 340 nm with a Cary 50 spectrophotometer (Agilent Technologies), using a 200-μL, 0.7-cm light path cuvette thermostated at 37°C until the steady state was reached, and then cooled down to 4°C to measure the baseline. Experiments were done in 50 mM Mes-K, pH 6.8, 6 mM MgCl 2 , 30% glycerol, 0.5 mM GTP.
Preparation of the Tubulin-DARPin Complex for Crystallization. Tubulin was incubated at 4°C for 5 min with a fivefold excess of GTP, following which the C termini of α-and β-tubulin were cleaved with subtilisin (9). D1 was added to digested tubulin in a 1.5:1 ratio. The complex was purified on a Superdex 200 10/300 GL equilibrated in 20 mM Hepes, pH 7.2, 100 mM KCl, 1 mM MgCl 2 , and 0.5 mM EGTA. Fractions containing the complex were pooled and adjusted to 0.2 mM GTP. Samples were concentrated by ultrafiltration (Vivaspin 500 cutoff 5 kDa; Sartorius) to a 28-35 mg·mL −1 concentration, aliquoted, and stored in liquid N 2 until use. Complex concentration was estimated spectrophotometrically, using the sum of the extinction coefficients at 280 nm of tubulin and D1. For crystallization, the protein was diluted to 22-24 mg·mL Figures depicting the structural features of tubulin were prepared with PyMOL (http://www.pymol.org). The quality of the final models was checked with MolProbity (12) . Interface was analyzed using the protein interfaces, surfaces, and assemblies service PISA (13) at the European Bioinformatics Institute and the protein-protein interaction server ProtorP (14) .
Total Internal Reflection Fluorescence (TIRF) Microscopy. Measurement of microtubule growth velocity. The microtubule growth velocity was measured essentially as described in ref. 15 . In brief, biotinylated Alexa568-labeled GMPCPPP-stabilized microtubule seeds are attached to polyethylene glycol (PEG)-biotin-coated glass coverslips via neutravidin (Invitrogen) from which free tubulin dimers (6.5% Alexa568 labeling) polymerize into microtubules. The final imaging buffer (standard TIRF buffer) was 80 mM K Pipes (pH 6.85), 4 mM MgCl 2 , 1 mM EGTA, 60 mM KCl, 0,1% methylcellulose, 20 mM glucose, 50 μg/mL β-casein, 2 mM GTP, 5 mM 2-mercaptoethanol, 0.66 mg/mL catalase (Sigma), and 1.33 mg/mL glucose oxidase (Serva). The tubulin concentration was 20 μM unless specified otherwise and the DARPin concentration was in the range from 5 nM to 9 μM. Images were recorded at one frame per 3 s (100-ms exposure time) at 30°C, using an . Tubulin elutes at 9.1 mL. In presence of D1, the peak of the complex is shifted to a lower retention volume (8.9 mL), indicating the formation of the complex. The derived masses from the static light-scattering data are 98.5 ± 1.3 and 106.5 ± 1.7 kDa for tubulin (Mw theo = 100 kDa; Mw theo is the molecular weight derived from the sequence) and the tubulin-D1 complex (Mw theo = 118 kDa) respectively, consistent with a 1:1 stoichiometry. Fig. S2 . Stereoview of the interface between D1 and tubulin in Tub-D1. This view is as in Fig. 2C . Tubulin is in green and D1 in red. Residues shown in white and labeled in black correspond to the eight randomized positions of the sequence in the library from which D1 was selected. 2+ in the two β-tubulin chains in the asymmetric unit have been omitted from the model, which was refined (three cycles, maximum-likelihood refinement) before structure factor calculation. (C) Section of an OMIT F obs − F calc electron density map contoured at the 3σ level; structure factors were calculated as in B. S6 . Percentage of preformed microtubule (+) ends that did undergo a catastrophe within 2 min after buffer exchange. (A) Cy5 tubulin (15 μM) (red) was polymerized from GMPCPP-stabilized Alexa568-labeled microtubule seeds (blue) for 90 s, at which point the free Cy5 tubulin was washed out and replaced by 15 μM unlabeled tubulin, 65 nM GFP-Clip170 MTB , and 500 nM (D1) 2 or its storage buffer (CTL) (Methods). We counted the Cy5-labeled plus ends at t0 (start of imaging, ∼30 s after buffer exchange) and t1 (90 s after time-lapse movies were started); this quantification is shown in B. The identity of each end (plus or minus) was extracted from kymographs (growth speed) of the corresponding GFP-CLIP170 MTB channels (Methods). Plus-end segments undergoing catastrophe are marked with asterisks. (B) The numbers of prepolymerized (+) sections (labeled with Cy5) were quantified at different time points after solution exchange (50 sections per condition). In the presence of 0.5 μM (D1) 2 the number of these sections decreased rapidly, leading to an ∼10-fold reduction after 2 min in comparison with the control without (D1) 2 . 
